Abstract. Microporosity in high performance aerospace castings can reduce mechanical properties and consequently degrade both component life and durability. Therefore, casting engineers must be able to both predict and reduce casting microporosity. A dimensionless Niyama model has been developed [1] that predicts local microporosity by accounting for local thermal conditions during casting as well as the properties and solidification characteristics of the cast alloy. Unlike the well-known Niyama criterion, application of the dimensionless Niyama model avoids the need to find a threshold Niyama criterion below which shrinkage porosity forms -a criterion which can be determined only via extensive alloy dependent experimentation. In the present study, the dimensionless Niyama model is integrated with a commercial finite element casting simulation software, which can now more accurately predict the location-specific shrinkage porosity volume fraction during solidification of superalloy castings. These microporosity predictions are validated by comparing modelled results against radiographically and metallographically measured porosity for several Ni-based superalloy equiaxed castings that vary in alloy chemistry with a focus on plates of changing draft angle and thickness. The simulation results agree well with experimental measurements. The simulation results also show that the dimensionless Niyama model can not only identify the location but also the average volume fraction of microporosity distribution in these equiaxed investment cast Ni-based superalloy experiments of relatively simple geometry.
Introduction
Porosity formed in castings leads to a decrease in the mechanical properties [2] [3] [4] [5] [6] [7] . One of the most effective ways to minimize porosity defects is to design a feeding system using porosity prediction modeling. In such a way, the casting analysis can determine the location and magnitude of porosity such that the feeding system can be redesigned. This process is repeated until porosity is minimized and not likely to appear in the critical areas of the castings.
There are many models which can predict the shrinkage porosity from the pressure drop during inter-dendritic fluid flow and gas evolution [5] [6] [7] [8] [9] [10] [11] [12] . As is the case for many casting defects observed in solidification processes, the mushy zone regime is the focus of microporosity formation. The basic mechanism of shrinkage microporosity formation is pressure drop due to shrinkage in the liquid DISTRIBUTION STATEMENT A: Approved for public release; Distribution is Unlimited. Case Number: 88ABW-2014-5285. The liquid densities of many alloys are lower than that of the solid phase. Hence solidification shrinkage occurs due to the metal contraction during the phase change. The pressure within the liquid decreases because of the contraction and sometimes cannot be compensated by the metallostatic pressure associated with the height of the liquid metal.
Generally speaking, there are two ways to predict the microporosity in castings. One is a parametric method by using a feeding resistance criterion function combined with macroscopic heat flow calculations [7] [8] [9] [10] . Parametric models are easy to apply to shaped castings. Another approach is a direct simulation method [5] [6] [7] [8] [9] [ [13] [14] [15] . The parametric models and/or direct methods usually derive governing equations based on a set of simplifying assumptions and solve the resulting equations numerically. By utilizing the cellular automata technique, some models can not only predict the percentage porosity but also the size, shape and distribution of the pores [10] [11] [12] .
A simplified porosity model called "POROS=1" was developed by ProCAST [16] to predict piping, macroporosity, and microporosity. This model is excellent in predicting piping and macroporosity but not always effective in predicting microporosity. There are several parametric methods to predict microporosity. Among all parametric methods, the Niyama criterion [17] is the most widely used microporosity evaluation method in metal casting. This criteria proposes that shrinkage porosity will form in regions where Niyama values are below some critical threshold value. This threshold Niyama value normally is an alloy chemistry-dependent unknown determined by experimentation. The volume fraction of porosity cannot be calculated based on Niyama value. Carlson and Beckermann [1] developed a dimensionless form of the well-known Niyama criterion to directly predict the amount of shrinkage porosity with the consideration of both the local thermal conditions as well as the thermal properties and solidification characteristics of the alloy.
In this paper, the dimensionless Niyama model is integrated with the existing POROS=1 model in ProCAST to more accurately predict piping, macroporosity, and microporosity. Such an integrated model is used to predict the location-specific shrinkage porosity volume fraction during solidification of superalloy castings. The predictions are validated by comparing against radiographically and metallographically measured porosity for several Ni-based superalloy equiaxed castings that vary in alloy chemistry with a focus for the current reported effort on plates of changing draft angle and thickness.
Model Description
As the integrated model described in this paper is the integration of POROS=1 and dimensionless Niyama, these primary models are briefly reviewed as follows.
POROS=1 Model
There are three fundamental parameters in the POROS=1 model: pipefs, macrofs, and feedlen. The values of these parameters depend on casting process and alloy. The physical meaning of these parameters are explained in [16] . The first two parameters, pipefs and macrofs are two critical fractions of solid corresponding to the formation of piping and macroporosity. The third parameter, feedlen is a length parameter that determines the feeding ability in the late stages of the solidification process [16] . The detailed description of the model can be found in [16] .
Dimensionless Niyama Model
The dimensionless Niyama is derived based on 1-D directionally solidifying system [1] . Darcy's law is written for such system as: 
T is the cooling rate, and G is the temperature gradient. Porosity forms when pressure drops below a critical value. With some manipulation, the dimensionless form of Niyama can be written as: 
Integration of POROS=1 and Dimensionless Niyama Criterion (Ny*)
POROS=1 provides excellent prediction of piping and macroporosity but has a reduced level of accuracy regarding microporosity. Dimensionless Niyama (Ny*), on the other hand, exhibits good accuracy in predicting microporosity but not for piping and macroporosity. To fully take advantage of POROS=1 model and dimensionless Niyama, POROS=1 and dimensionless Niyama are now integrated such that POROS=1 is used to predict piping and macroporosity and dimensionless Niyama criterion is used to predict microporosity. The run parameter of FEEDLEN in the POROS=1 model is removed. Instead, the microporosity is calculated based on dimensionless Niyama value as described above.
Experimental Validation
In order to provide initial validation of the above developed model, several Ni-based superalloy equiaxed castings that have different alloy chemistries (IN718 and Mar-M-247) and tapered plates with different configurations were investment cast. Figure 1 shows the experiment setup. There are 24 test coupons per mold. Each coupon is 8" long and 1.8" wide with various thicknesses (0.060", 0.125", 0.250", and 0.500") and taper angles (0, 5%, 10%, and 15%). For each mold, there are 8 thermocouples, 2 inside the metal and 6 inside the shell. All coupons were X-rayed and the X-Ray images of the castings were digitized and thru thickness porosity levels were determined by detailed image analysis. Some of the test coupons were cut into halves for more detailed metallography and to confirm the X-Ray measured porosity levels. Figure 4 summaries the relationship between average porosity level in a plate with different casting wall thickness and taper. Such information can be used as a reference for casting process engineers. In order to make castings with an accepted level of average plate porosity, a corresponding optimal part design is needed. For example for a plate casting with the dimension of 8" long and 1.8" wide, if the acceptable level of average plate porosity is 0.2%, the taper has to be larger than 5% for wall thickness less than 0.1 inch. On the other hand, if the wall thickness is greater than quarter inch, taper is not necessary to meet this porosity specification level.
The authors are also in the process of assessing the accuracy, verification and validation of the POROS=1 + Ny* model as applied to more complex casting geometries and processes. Results for these more detailed casting geometries will be discussed in future publications.
Conclusions
The dimensionless Niyama (Ny*) model is integrated with the ProCAST POROS=1 model, where this integrated model can accurately predict both macro-and micro-shrinkage porosity during solidification of superalloy castings. The integrated model is validated by comparing modeled results against measured porosity for several Ni-based superalloy equiaxed castings that have different alloy chemistries and tapered plates with different configurations. The simulation results agree well with experimental measurements for the geometries presented in this paper. 
